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Reducing MIMO Detection Complexity
via Hierarchical Modulation
Yig˘it Ug˘ur, Student Member, IEEE, and A. ¨Ozgu¨r Yılmaz, Member, IEEE
Abstract—This work considers multiple-input multiple-output
(MIMO) communication systems using hierarchical modulation.
A disadvantage of the maximum-likelihood (ML) MIMO detector
is that computational complexity increases exponentially with the
number of transmit antennas. To reduce complexity, we propose
a hierarchical modulation scheme to be used in MIMO trans-
mission where base and enhancement layers are incorporated.
In the proposed receiver, the base layer is detected first with a
minimum mean square error (MMSE) detector which is followed
by ML detection of the enhancement layer. Our results indicate
that the proposed low complexity scheme does not compromise
performance when design parameters such as code rates and
constellation ratio are chosen carefully.
Index Terms—Hierarchical modulation, multiple-input
multiple-output (MIMO), computational complexity, minimum
mean square error (MMSE), maximum-likelihood (ML).
I. INTRODUCTION
M IMO (multiple-input multiple-output) communicationsystems can provide high data rates through spatial
multiplexing, in which independent data streams are sent from
different antennas. The optimal maximum-likelihood (ML)
detection method for MIMO systems has high computational
complexity, whose order is exponential with the number of
transmit antennas. Complexity can be reduced by linear re-
ceivers such as zero forcing (ZF) and linear minimum mean
square error (MMSE) receivers. There are numerous proposals
that provide a reasonable trade-off between complexity and
performance. The sphere decoding (SD) algorithm [1], the ML
detection with QR Decomposition and M-algorithm (QRM-
MLD) [2] and graph based detection based on the belief
propagation (BP) algorihm [3] are some of the commonly
used methods to decrease complexity. A different approach
is transforming the MIMO ML detection problem to a convex
optimization problem with semidefinite programming (SDP)
relaxation [4]. Hieararchical modulation was proposed by [5]
and has been long in use for various purposes, yet its utilization
for receiver complexity reduction is novel to the best of our
knowledge and stands as the main contribution of this paper.
In this work, a high data rate MIMO system with low
receiver computational complexity is developed. Considering
ML and MMSE receivers, a two-stage receiver structure is
utilized. Multiple layers are transmitted using hierarchical
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modulation, where parameters such as code rates at each layer
are adapted according to ML and MMSE receivers’ error
rate performance capabilities. A similar idea is studied in [6],
where ML is used at both stages of the receiver and bit error
rate (BER) performance exhibits an error floor. In our proposed
receiver, the base layer is detected first with the MMSE filter
which is followed by ML detection of the enhancement layer.
The proposed receiver has a better error rate performance
compared to [6], since it takes into account distinct capabilities
of ML and MMSE receivers, which will be explained later in
Section III-A. Our structure is hardware friendly to implement
in that computational complexity just depends on the number
of antennas and the size of constellation sent in one layer.
The remainder of this paper is organized as follows. The
system model is described in Section II. The proposed two-
stage receiver structure is described in Section III. Simulation
results are presented in Section IV. Finally, conclusions are
drawn in Section V.
Notation: Bold small and capital letters denote vector and
matrices, respectively. The superscripts (·)H, (·)T and (·)−1
represent the Hermitian transpose, the transpose and the matrix
inverse, respectively. The identity matrix is represented by I.
The expectation is denoted by E[·]. Big-O Notation is denoted
by O(·) and trace operation is represented by tr(·). Cx×y
denotes the space of x×y complex matrices. The floor function
is denoted by ⌊·⌋, where ⌊x⌋ represents the largest integer
smaller than or equal to x.
II. SYSTEM MODEL
Gray-mapped 16-ary hierarchical quadrature amplitude
modulation (16-HQAM) is used in this work to enable sequen-
tial detection of sub-constellations (layers). The average power
of constellation points is set to unity without loss of gener-
ality. The minimum distance of the base layer constellation
points is represented by d1 and the minimum distance of the
enhancement layer constellation points is represented by d2.
The ratio d = d1/d2 is called the constellation ratio. For the
case d = 2, the constellation corresponds to that of standard
16-QAM. Protection levels of layers can be arranged by
changing d. When d increases, the base layer has better error
rate performance meanwhile enhancement layer has worse.
We consider a single point-to-point Nt×Nr MIMO system,
where Nt and Nr are the number of transmit and receive
antennas, respectively (Nt ≤ Nr). The received signal vector
y ∈ CNr×1 is given by
y =
1√
Nt
Hx+ n, (1)
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Fig. 1. System structure of our proposed receiver.
where x = [x1, ..., xNt ]T ∈ CNt×1 is the transmitted signal
vector with E[xxH] = I, n ∈ CNr×1 is the indepen-
dent and identically distributed, zero-mean, proper addi-
tive white Gaussian noise vector with variance N0 and
H = [h1, ...,hNt ] ∈ CNr×Nt is the channel matrix with unit
variance. Each column vector of H is represented by hi.
In this work, the channel matrix H is perfectly known to
the receiver and flat Rayleigh fading. The total transmitted
energy is set to unity and equally shared by transmit antennas,
tr
(
E[xxH]
/
Nt) = 1. The transmitted vector x can be written
as the sum of the base layer vector and enhancement layer
vector, x = xb + xe. The received signal vector in (1) is
rewritten as
y =
1√
Nt
Hxb +
1√
Nt
Hxe + n, (2)
where xb = [xb1 , ..., xbNt ]
T ∈ CNt×1 is the transmitted base
layer vector with the property E[xbxbH] = ExbI and xe =
[xe1 , ..., xeNt ]
T ∈ CNt×1 is the transmitted enhancement layer
vector with E[xexeH] = ExeI. The total transmitted symbol
energy equals 1, i.e., Exb + Exe = 1.
III. PROPOSED RECEIVER STRUCTURE
We propose a novel MIMO transceiver structure with a
low computational receiver complexity, which is shown in
Fig. 1. In the transmitter part, hierarchical modulation is used
to enable the sequential detection. In the receiver, MMSE-ML
detection order is used. First, the base layer is detected with
MMSE receiver which is followed by cancellation of the base
layer based on hard decision. Finally, the enhancement layer
is detected with ML.
A. Detection Order
Let us first focus on the performance of the receiver,
where ML receivers operate at both layers as in [6]. As seen
from Fig. 2, error floor arises due to the interference of the
enhancement layer to the base layer. ML detection in the
first stage does not account for the interference caused by the
enhancement layer. However, a better performance is attained
with the proposed MMSE-ML detection order. This is due to
the fact that, as opposed to the ML detection, interference from
the enhancement layer is minimized by the first-stage MMSE
receiver which helps the proposed structure operate well. The
system has a lower overall interference after MMSE based
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Fig. 2. BER for uncoded – block fading channel model is not utilized –
2× 2 MIMO system, where ML receivers operate in both layers.
base layer detection. After base layer detection, the base layer
ideally has no interference influencing the enhancement layer
so that enhancement layer can be smoothly detected with ML.
B. Why Block Fading Channel?
Under a spatial multiplexing transmitter structure, MMSE
receiver always has diversity Nr −Nt + 1 [7], so that spatial
diversity is not obtained for the case Nt = Nr, which is
our focus here. Diversity of MMSE receiver is limited to
unity unless another diversity domain (e.g. frequency diversity,
time diversity) is present in the system. With the help of
multiple independently fading blocks, some level of diversity
can be attained along with coding. Hence, a block fading
channel model [8] is utilized to achieve diversity with an
MMSE receiver in this work. A single frame is partitioned
into F blocks that are transmitted over different independently
fading carrier frequencies, therefore, frequency diversity is
obtained. Channels are constant within a block and change
independently between blocks, which is a valid assumption
for various communication systems, such as slow frequency
hopping systems, multi-carrier schemes, etc.
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C. Log Likelihood Ratio Computation
The MMSE equalization filter is found by minimizing the
mean square error as
WH =
Exb√
Nt
HH
(
1
Nt
HHH +N0I
)−1
, (3)
and the Hermitian transpose of the MMSE filter is written as
W = [g1,g2, ...,gNt ], (4)
where gi is the filter vector which produces the i-th output of
the MMSE filter. The filter vector is represented as
gi =
Exb√
Nt
(
1
Nt
HHH +N0I
)−1
hi. (5)
Passing the received vector through the filter vectors yields
zbi = gi
Hy = βixbi + ηi, (6)
where βi = 1√Ntgi
Hhi and ηi is the interference-plus-noise
term modeled as a complex Gaussian random variable given
by
ηi =
1√
Nt
gi
Hhixei +
∑
k 6=i
1√
Nt
gi
Hhkxk + gi
Hn. (7)
At the i-th MMSE receiver output, the log likelihood ratio
(LLR) corresponding the j-th base layer bit is calculated as
Λ
(j,i)
b = ln
Pr(bj = 1|zbi , βi, ηi)
Pr(bj = 0|zbi , βi, ηi)
= ln
∑
x˜b∈Bj1 Pr(zbi | x˜b, βi, ηi)∑
x˜b∈Bj0 Pr(zbi | x˜b, βi, ηi)
= ln
∑
x˜b∈Bj1 exp
(
− |βi(xbi−x˜b)|2σηi 2
)
∑
x˜b∈Bj0 exp
(
− |βi(xbi−x˜b)|2σηi 2
) , (8)
where Bj1 and B
j
0 are the the subsets of the base layer
constellation points with j-th bit equal to 1 and 0, respectively
[9]. After LLRs for the base layer are determined and passed
into the base layer decoder, hard decisions are made for the
base layer symbols and then cancellation of the base layer is
performed. Finally LLRs based on the ML receiver for the
enhancement layer are calculated [10] and then given to the
decoder.
IV. ERROR RATE PERFORMANCE RESULTS
In this section, we inspect the proposed receiver’s perfor-
mance with the help of the following setup. WiMAX LDPC
codes [11] – defined in the IEEE 802.16e standard – are used.
The frame length is fixed to 2304 bits, which is the largest code
length of WiMAX LDPC codes. To do that, a sequence of 2304
bits are generated at the output of the encoder for standard 16-
QAM and 1152 bits are generated at the output of each layer’s
encoder for 16-HQAM. The maximum number of iterations
are set to 50 in the LDPC decoder. Each frame is transmitted
over F = 8 blocks that have independent and identically
distributed fading. The code rates of the base layer and the
enhancement layer are expressed as Rb and Re, respectively.
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Fig. 3. 2 × 2 MIMO system, FER performances of the proposed receiver
(16-HQAM) with fixed d = 2 for different code rates.
The overall code rate is defined as R = (Rb +Re)/2. A high
spectral efficiency is desired in the system, therefore an overall
system code rate of R = 3/4 is chosen. Frame error rate
(FER) performances of the proposed receiver are examined
and compared to that of MMSE and ML receivers for 2 × 2
and 4× 4 MIMO systems.
Before inspecting the proposed structure’s performance with
optimized design parameters, we like to stress out the impor-
tance of how to choose code rates of layers. In Fig. 3, the
constellation ratio d of 16-HQAM is fixed to 2 and the effect of
code rates are examined. The performance gap between layers
is higher when Rb = 2/3 and Re = 5/6. Using the same code
rate in both layers (Rb = Re = 3/4) brings the performances
of layers closer yet at the cost of worse overall FER. The effect
of code rates on the performance can be justified considering
an upper bound to diversity based on the Singleton bound for
SISO systems (diversity ≤ ⌊F (1 − R)⌋ + 1) [12]. Increasing
Rb from 2/3 to 3/4 results in poor diversity order in the base
layer. Decreasing Re from 5/6 to 3/4 may be expected to lead
to a higher diversity order in the enhancement layer, which is
immaterial since the enhancement layer performance is limited
by that of the base layer. As follows from the preceding
arguments, one has to be careful about rate allocation for the
layers. Base layer’s code rate should be usually low so that
sufficient diversity to reach desired error performance can be
created based on frequency diversity since spatial diversity is
not possible with MMSE receivers in our setting. Higher code
rates at the enhancement layer keeps the overall code rate
constant.
After carefully choosing the code rates of the layers, how
to choose the constellation d is also important. The ratio d
needs to be adjusted such that sufficient protection is supplied
to the base layer by choosing d large enough, yet also to
the enhancement layer by choosing d small enough. Here we
show the error performances with an optimized constellation
ratio d. Fig. 4 shows a 2 × 2 system’s FER performance of
ML with R = 3/4, of MMSE with R = 3/4 and of the
proposed receiver structure with d = 1.9, Rb = 2/3 and
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Fig. 4. 2 × 2 MIMO system, FER performances of ML, MMSE and the
proposed receiver (16-HQAM).
Re = 5/6. For FER = 10−3, the average performance of
the proposed structure is around 0.5 dB off from the ML
detector. Moreover, the proposed structure shows around 4.5
dB better performance than the MMSE detector. Fig. 5 shows a
4× 4 system’s FER performance of MMSE and the proposed
receiver structures with d = 2, Rb = 2/3 and Re = 5/6.
For FER = 10−3, the proposed structure outperforms MMSE
receiver by around 6.5 dB. In Fig. 5, ML detector performance
is not depicted since statistically significant numerical results
were not available due to the very high running time of the
ML detector. Please notice that the overall performance of
hierarchical modulation which is simply the arithmetic mean
of error rate of layers, is not plotted in the figures, for the sake
of clear illustration.
Due to the page constraint, we would like to summarize the
complexity of the proposed structure without details. Since
16-HQAM detection is composed of two 4-QAM detection
stages and complexity of the ML receiver is higher than that
of MMSE, the overall complexity of the proposed receiver
is dominated by ML detection complexity – especially for
a high number of antennas – and can be approximately
written as O(Nt4Nt) per one MIMO symbol vector. Although
not presented here, similar performance and computational
complexity results are observed for higher constellations such
as 64-QAM where three layers are employed. In the proposed
receiver for 64-QAM, the first two layers (the base layer and
the enhancement layer with higher minimum distances) are
detected with MMSE receivers and the enhancement layer is
detected with ML in the last step.
V. CONCLUSION
In this work, a new receiver structure with low computa-
tional complexity is proposed for MIMO systems. The idea
makes use of hierarchical modulation so that processing is per-
formed sequentially for each layer. The proposed scheme pro-
vides a performance between that of ML receiver and MMSE
receiver at a significant lower complexity compared to ML.
MMSE detection in the base layer reduces interference power
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Fig. 5. 4×4 MIMO system, FER performances of MMSE and the proposed
receiver (16-HQAM).
and enhances performance. ML detection at the enhancement
layer with 4-QAM enjoys good performance with low com-
putational complexity. Performance of each layer is enhanced
through coding over multiple fading blocks. With carefully
chosen constellation ratio and coding rates, performance quite
close to that of ML receiver can be achieved. Moreover,
receiver computational complexity drops from O(Nt4PNt)
to O(Nt4Nt) with 4P -HQAM modulation, where P is the
number of layers. This is a significant complexity advantage,
especially for MIMO systems with a high number of antennas.
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